A novel demountable shear connector for precast steel-concrete composite bridges 7 is presented. The connector uses high-strength steel bolts, which are fastened to the top flange 8 of the steel beam with the aid of a special locking nut configuration that prevents slip of bolts 9 within their holes. Moreover, the connector promotes accelerated construction and overcomes 10 typical construction tolerances issues of precast structures. Most importantly, the connector 11 allows bridge disassembly, and therefore, can address different bridge deterioration scenarios 12 with minimum disturbance to traffic flow, i.e. (i) precast deck panels can be rapidly uplifted 13 and replaced; (ii) connectors can be rapidly removed and replaced; and (iii) steel beams can 14 be replaced, while precast decks and shear connectors can be reused. A series of push-out 15 tests are conducted to assess the behavior of the connector and quantify the effect of 16 important parameters. The experimental results show shear resistance, stiffness, and slip 17 capacity significantly higher than those of welded shear studs along with superior stiffness 18 and strength against slab uplift. Identical tests reveal negligible scatter in the shear load -slip 19 displacement behavior. A design equation is proposed to predict the shear resistance with 20 absolute error less than 8%. 21 22 2
Introduction

23
During the last two decades, rapid deterioration of bridges has become a major issue due to 24 various reasons including increase in traffic flow, increase in the allowable weight of vehicles 25 compared to those considered in the initial design, harsh environmental conditions, use of de-26 icing salts especially in countries with cold climates, poor quality of construction materials, 27 and limited maintenance. Many bridges in Europe suffer from the aforementioned factors 28 (PANTURA 2011), while the same is true for the USA where one third of the 607,380 29 bridges are in need of maintenance (ASCE 2014) . Bridge maintenance ensures serviceability 30 along with safety for users and typically involves inspection, repair, strengthening or 31 replacement of the whole or part of a bridge. Such operations result in direct economic losses 32 (e.g. material and labor costs) as well as in indirect socio-economic losses due to disruption 33 of traffic flow such as travel delays, longer travel distances, insufficient move of goods, and 34 business interruption. Depending on the type of bridge and scale of the maintenance 35 operations, indirect losses might be several times higher than direct losses and constitute one 36 of the major challenges for bridge owners, decision makers, and bridge engineers 37 (PANTURA 2011). Thus, sustainable methods for bridge repair, strengthening or 38 replacement that minimize direct costs and traffic flow disturbance are urgently needed. 39
Bridge decks typically deteriorate faster than other bridge components, e.g. the decks of 33% 40 of the bridges in America are in the need of repair or replacement after an average service life 41 of 40 years (ASCE 2014) . It is important to note that deck replacement is the typical 42 maintenance decision as repair methods such as deck overlay are not sufficient for long 43 extension of the bridge lifespan (Deng et al. 2016 ). In the case of steel-concrete composite 44 bridges, removing and replacing their deteriorating deck is a challenging process due to the 45 connection among the deck and the steel beams. Such connection is traditionally achieved 46 with the aid of shear studs, which are welded on the top flange of the steel beams and are 47 allow uplift and replacement of the slab as a whole but not full disassembly of the composite 123 beam, i.e. replacement of the shear connectors in case of damage due to fatigue or corrosion 124 is not possible. 125
This paper presents a novel demountable shear connector for precast steel-concrete composite 126 bridges that overcomes all the issues mentioned in the previous two paragraphs. The 127 connector uses high-strength steel bolts, which are fastened to the steel beam with the aid of a 128 special locking nut configuration that prevents slip of bolts within their holes. Additional 129 structural details promote accelerated construction and ensure that the connector overcomes 130 typical construction tolerance issues of precast structures. The connector allows full bridge 131 disassembly, and therefore, can address different bridge deterioration scenarios with 132 minimum disturbance to traffic flow, i.e. (i) precast deck panels can be rapidly uplifted and 133 replaced; (ii) connectors can be rapidly removed and replaced; and (iii) steel beams can be 134 easily replaced, while precast decks and shear connectors can be reused. A series of push-out 135 tests are conducted to assess the behavior of the connector and quantify the effect of 136 important parameters. The experimental results show shear resistance, stiffness, and slip 137 capacity higher than those of welded shear studs along with superior stiffness and strength 138 against slab uplift. Identical tests reveal negligible scatter in the shear load -slip 139 displacement behavior. A design equation is proposed to predict the shear resistance with 140 absolute error less than 8%. 141
Novel Demountable Shear Connector
142
The proposed locking nut shear connector (LNSC) is one of the two demountable shear 143 connectors invented by Suwaed et al. (2016) . Fig. 1 shows a steel-concrete composite bridge, 144 which consists of precast concrete panels connected to steel beams with the aid of the LNSC. 145
The concrete panels have several holes (pockets) to accommodate the shear connectors. Fig.  146 2 shows a 3D disassembly along with an inside 3D view of the shear connector where all its 147 components are indicated. Moreover, Fig. 3 shows the cross-section of a steel-concrete 148 composite beam using the shear connector. The following paragraphs describe in detail the 149 components of the LNSC and the associated methods of fabrication and construction. 150
The LNSC consists of a pair of high strength steel bolts (e.g. Grade 8.8 or higher) with 151 standard diameter (e.g. M16) as shown in Fig. 3 . These bolts are fastened to the top flange of 152 the beam using a double nut configuration, which consists of a standard lower hexagonal nut 153 (nut 1 in Fig. 3 ) and an upper conical nut (nut 2 in Fig. 3) . The upper part of the bolt hole is a 154 countersunk seat with chamfered sides following an angle of 60 degrees as shown in Fig. 4(c) . 155
The upper conical nut (see Figs. 4(a) and 4(b)) is a standard type nut (BSI 1970) threaded 156 over the bolt and has geometry that follows the same 60 degrees angle so that it can perfectly 157 fit within the countersunk seat. The upper conical nut locks within the countersunk seat, and 158 in that way, prevents slip of the bolt within the bolt hole. Few millimetres of the total height 159 of the upper conical nut appear above the top surface of the beam flange (see Fig. 3 ) to 160 resemble the height of the collar of welded shear studs (Oehlers 1980) . In that way, the LNSC 161 increases the contact area of the bolt with the surrounding concrete, and therefore, delays 162 concrete crushing. Moreover, five millimetres of the internal threading of the conical nut is 163 removed as shown in Fig. 4(b) . In that way, the bolt is partially hidden inside the conical nut 164 and shear failure within its weak threaded length (as seen in other types of bolt shear 165 connectors) is prevented. The lower standard hexagonal nut (BSI 2005c 
Procedure for Accelerated Bridge Disassembly
217
The LNSC allows rapid disassembly and replacement of any deteriorating structural 218 component of a precast steel-concrete composite bridge. 219
In case of deterioration in a precast concrete panel, the lower nuts (nut 1 in Fig. 3) are 220 removed and the precast panel along with its shear connectors can be rapidly uplifted as a 221 whole. If there is no access underneath the bridge, the upper nuts at the top of the plugs (nut 3 222 in Fig. 3 ) are removed and the precast panel can be rapidly uplifted along with its plugs by 223 leaving the bolts in place. To achieve that easily, it is important to design the bolts so that 224 their threaded length is not in contact with the grout. 225
In case of deterioration in few shear connectors, the plugs along with their surrounding grout 226 can be rapidly extracted (pulled out) and replaced as shown in In case of deterioration in the steel beam, the accelerated bridge disassembly capability 232 allows the beams to be replaced, while the precast concrete panels and shear connectors can 233 be reused. It is emphasized that robust dry joints among the precast concrete panels, such as 234 those proposed by Hallmark (2012) , would further enhance bridge disassembly. 235 9. Grout was poured into the slab pockets, and then, a precast plug (with exact dimensions 279 shown in Fig. 5(b) ) was placed around each bolt and gradually inserted into the slab pocket to 280 ensure that all gaps are filled with grout without leaving any voids. 281 Typical mix proportions used to cast concrete slabs, plugs and grout are listed in Table 1 . 289
Moreover, Table 2 lists specifications for all push-out tests (discussed in the next section) 290 including concrete compressive and tensile strengths obtained at the same day of each push-291 out test. The maximum size of the gravel was 10 mm. The sieve analysis (BSI 1976) for the 292 'fine' sand used for the grout is provided in Table 3 . It is important to use such fine sand and 293 not an ordinary sand to avoid possible segregation of sand particles between the lower face of 294 the plug and the upper face of the steel flange. The compressive strengths of the slabs and 295 plugs were evaluated by using standard cubes of 100 mm length; the compressive strength of 296 the grout by using cubes of 75 mm length; and the tensile strengths of the slabs and plugs by 297 using standard cylinders of 100 mm diameter and 200 mm length. 298
Nine steel coupon specimens, randomly chosen and machined from bolts, were subjected to 299 tensile tests according to BSI (2009b) . Specimen strains were measured using an axial 300 extensometer. Average values of the properties of the steel bolts are listed in Table 4 , while a 301 typical stress-strain relationship from one coupon test is shown in Fig. 11 . 302 303 Table 4 . 310
Fig. 11 311
Experimental Results
312
Preliminary Tests 313
Push-out tests were carried on 12 LNSC specimens with specifications listed in Table 2 an extra enlargement at the bolt base equal to 20 mm. Test 3 showed failure due to excessive 322 slip; similarly to the failure discussed by Oehlers and Bradford (1999) . The specimen of test 4 323 was identical to that of test 3 but the gap between the bolt and its hole was filled with a 324 cement based grout. Test 4 showed shear failure in the threaded part of the bolt. During the 325 aforementioned four tests, a sudden and large slip occurred as a result of bolts sliding inside 326 the bolt holes when friction resistance in the steel beam-concrete slab interface was exceeded. 327
To this end, test 5 aimed to assess the behavior of a non-slip shear connector using a conical 328 nut connection similar to that of the LNSC but without completely hiding the threads of the 329 bolt inside the conical nut body as shown in Fig. 12 (refer to Fig. 8 for comparison) . Finally, 330 test 6 was conducted on a specimen representing the actual robust structural details of the 331 LNSC. Fig. 13 compares the shear load-slip displacement behavior from tests 1 to 6 and 332 highlights that the novel structural details of the LNSC result in superior structural 333 performance. In Fig. 13 (as well as in all the shear load-slip displacement curves presented in 334 this paper), the shear load is the applied load divided by four (i.e. number of bolts), while the 335 slip displacement is the average of the slip displacements measured close to the four bolts. 336
The ultimate load is the maximum load in the shear load-slip displacement curve, while the 337 slip capacity is calculated as the slip displacement corresponding to the ultimate load. demountable shear connectors, which shows that the LNSC provides the highest shear 361 resistance. 362 Table 5 363 and 370
where d is the shank diameter of the welded stud, f u the ultimate tensile strength of the steel 371 material of the stud, f ck the characteristic compressive cylinder strength of the concrete slab, 372
and E cm the elastic modulus of the concrete. By using in Equations (1) and (2) the concrete 373 slab strength, stud diameter, and tensile strength of the LNSC from Test 6, the shear 374 resistance of the corresponding welded shear stud is calculated equal to 73.02 kN from 375 Equation (2). Therefore, the shear resistance of the LNSC is significantly higher than that of 376 welded studs. The reason of such higher shear resistance is that the smart structural details of 377 the LNSC promote failure in the shank of a high tensile strength (e.g. 889 MPa) bolt without 378 premature concrete failure, i.e. a behaviour that is impossible to be offered by welded shear 379 studs of similar high tensile strength. It should be noted that prior research shows negligible 380 effect in the shear resistance of welded shear studs when grout of high strength (e.g. 75 MPa) 381 is used to fill the pockets of the precast slab (Shim et al. 2001 ). Most importantly, although a 382 tensile strength of 895 MPa was used for the welded shear stud in the above calculations, 383
Eurocode 4 does not allow the use of welded studs with tensile strength higher than 500 MPa 384 (BSI 2004); probably because welding steel structural elements of different steel grade (i.e. 385 shear stud and steel beam) is not possible. 386
The slip capacity of the LNSC from test 6 is equal to 12.2 mm, i.e. two time higher than the 387 typical 6.0 mm slip capacity of welded studs. This large slip capacity of the LNSC could be 388 exploited to the design of long composite beams on the basis of the partial interaction theory 389 (Johnson and May 1975) . The latter designs cannot be achieved with welded shear studs due 390 to their limited slip displacement capacity (Johnson 1981) . 391
The LNSC does not show appreciable scatter in its behaviour (see Fig. 14 shank just above the conical nut (see Fig. 16 ). It should be noted that deformations in the 452 bolts of the LNSC are a combination of shear, bending, and tensile deformations. Similar 453 behaviour was observed in welded studs where the combination was 56% bending 454 deformations and 37% shear deformations (Pavlović et al 2013) . It should be noted that 455 higher tensile deformations in shear studs could occur at specific locations of a bridge (e.g. 456
close to transverse bracing) due to large tensile forces (Lin et al. 2014 ). This case is though 457 explicitly addressed in Eurocode 4 (BSI 2005a), which recommends the use of additional 458 anchorage mechanisms (e.g. steel plates welded on the top flange of the steel beam (Vayas 459 and Iliopoulos 2014)) instead of designing the shear studs to resist such large tensile loads. 460
Please also note that bolts subjected to combined shear and pre-tensioning do not necessarily 461 exhibit reduction in their shear resistance. For example, Pavlović (2013) did not notice any 462 influence on shear strength for preloading up to 100% of proof load. The latter has been also 463 highlighted by Wallaert and Fisher (1964) ; where it was explained that when a bolt is torqued 464 to a certain preload, most of the inelastic deformations develop in the threaded portion of the 465 bolt and not in the shank, and therefore, the shear resistance is not decreased when the failure 466 plane is within the shank. It is interesting to note that spalling of the concrete slab was minor 467 and without any global cracking or splitting in the LNSC tests (see Fig. 17 ). The latter 468 implies that in the case of the LNSC, and contrary to welded studs, there is no need for 469 additional transverse reinforcement in the slab (BSI 2005a). 470 Yam 1981) recommend that the slab uplift (i.e. slab separation) should be no more than 50% 476 of the corresponding slip displacement for shear load equal to 80% of the shear resistance. 477 Fig. 18 shows that slab separation is less than 0.1 mm at 80% of loading, i.e. only 4% of the 478 corresponding slip displacement. Pushout tests on welded studs of the same bolt diameter 479 showed uplift displacements equal to 9-15% of the corresponding slip displacements 480 (Spremić et al 2013) . 481 
Design Equation
494
Eurocode 4 recommends that the shear resistance of a connector failing due to steel fracture 495 can be calculated by using Equation (1). In the case of the LNSC, Equation (1) should be 496 modified to account for the effect of friction in the steel flange -concrete plug interface, the 497 effect of the inclination of the deflected shape of the bolts (similarly to the work of Chen et 498 al (2014)), as well as the effect of shear failure through an elliptical cross-section of the bolt 499 shank, i.e. 500
where β is the angle of the deflected shape of the bolt from the vertical at the level of the 501 shear failure plane, µ is the coefficient of friction between concrete and steel, and T is the 502 tensile force in the bolts at the onset of failure. T was found equal to 40% of the bolt tensile 503 resistance at the onset of failure (see Fig. 19 ), and therefore after substitution and 504 rearrangement, Equation (3) becomes 505
For tests 11 and 12, f u is equal to 889 MPa from Table 4 ; d is equal to 16 mm from Table 2 ; µ 506 is equal to 0.5; and β is equal to 12.1 o from Fig. 16 and Table 6 . Substitution of these values 507 in Equation (4) results in shear resistance equal to 196.2 kN, which is equal to the average 508 shear resistance from pushout tests 6, 11, 12 in Table 5 . It is interesting to note that by 509 substituting µ = 0.5 and β = 12.1 o into Eq. (4), the shear resistance of the LNSC becomes 510 equal to 1.1 times the bolt tensile resistance. The latter value is significantly higher than the 511 pure shear resistance of a bolt of the same diameter, i.e. 0.58 times the tensile resistance (BSI 512 2005b). 513 Table 7 confirm that the LNSC shear resistance can be approximately 524 obtained as 1.1 times the bolt tensile resistance. 525
Substituting appropriate values for the M14 bolt into Equation (4) results in shear resistance 526 equal to 149.2 kN, which is only 4% lower than the corresponding value in Table 7 . Similarly, 527 Equation (4) provides a shear resistance equal to 107.6 kN for the M12 bolt, which is only 528 8% higher than the corresponding value in Table 7 . The above results show that Equation (4) 529 reliably predicts the resistance of the LNSC for three different bolt diameters. 530 Fig. 22 shows the effect of bolt diameter on slab uplift displacement where the vertical axis 531 represents the ratio of the applied load to the shear resistance, while the horizontal axis 532 represents the ratio of the uplift displacement to the slip capacity. It is interesting to note that 533 no uplift occurs for loads up to 60-70% of the shear resistance. Furthermore, at the onset of 534 failure, the uplift displacements are equal to only 3%, 4%, and 5% of the corresponding slip 535 displacements for M16, M14, and M12 bolts, respectively. 536 537 Push-out tests 10, 11, and 12 (see Table 2 ) investigated the effect of plug concrete strength 549 (i.e. 50, 91, 96 MPa) on the LNSC behavior. Test 9 used plugs of 80 MPa concrete strength 550 but failed due to accidental loss of bolt pretension. Therefore, its results are not presented. 551
The results of tests 10, 11, and 12 are presented in Table 9 and in Figs. 23 to 27. 552 Table 9 shows that changing the plug concrete compressive strength from C96 to C50 results 553 in modest changes in the shear resistance (9% decrease) and slip capacity (5% increase) of 554 the LNSC. These results further confirm that, unlike conventional studs which have several 555 modes of failure (BSI 1994) , the LNSC has only one failure mode, i.e. shear failure of bolts 556 just above the locking nuts. 557 Table 10 and Fig. 23 provide a comparison among the predictions for the shear resistance of 558 the LNSC from Equation (4) and the corresponding experimental values. It is shown that 559 Equation (4) provides good estimations with a maximum absolute error less than 8%. 560 Equation (4) predicts the shear resistance of the LNSC, which was obtained on the basis of 561 standard push-out tests and specimen dimensions according to EC4 (BSI 2005a), for plug 562 concrete strength between 50-100 MPa; bolts with steel strength of 889 MPa and diameter 563 from 12 to 16 mm; grout compressive strength from 25 to 45 MPa; a full proof load (88 -106 564 kN) between nuts 1 and 2 (see Fig. 4) ; and an initial internal bolt force equal to 25 kN. 565 Table 9 . 566 567   Table 10 . 568 behavior. The plug concrete strength has no effect for loads up to 32% of the shear resistance; 580 similarly to welded studs (Oehlers and Coughlan 1986 ). An increase of the plug concrete 581 strength from C50 to C96 increases the stiffness from 78 kN/mm to 106 kN/mm at shear load 582 equal to 50% of the shear resistance. Fig. 25 shows the bottom face of the slabs after failure 583 of the specimens of push-out tests 10 and 11. Negligible differences can be noticed between 584 the C50 and C96 plug concrete strength specimens. Moreover, Fig. 25 shows that spalling 585 extends only within a 20 mm circular pattern inside the slabs. 586 Fig. 26 shows that as the plug concrete strength increases, less slab uplift displacement 587 occurs. A 92% increase in plug concrete strength results in 33% reduction in uplift 588 displacement at the onset of failure. Fig. 26 also highlights that slab separation starts for loads 589 higher than 50% of the shear resistance and has a maximum value that is less than 0.5 mm at 590 the onset of failure. These results further confirm that the LNSC has superior stiffness and 591 strength against slab uplift. 592 Fig. 27 shows the deflected shape of bolts after failure of the specimens of push-out tests 10, 593 11, and 12. All bolts have similar deflected shapes; an observation that further indicates that 594 plug concrete strength has little effect on the LNSC behavior. 595
Summary and Conclusions
596
A novel demountable locking nut shear connector (LNSC) for precast steel-concrete 597 composite bridges has been presented. The LNSC uses high-strength steel bolts, which are 598 fastened to the top flange of the steel beam using a locking nut configuration that prevents 599 slip of bolts inside their holes. Moreover, the locking nut configuration resembles in 600 geometry the collar of welded shear studs and prevents local failure within the threaded part 601 of the bolts to achieve higher shear resistance and ductility. The bolts are surrounded by 602 conical precast high-strength concrete plugs, which have dimensions so that they can easily 603 fit within the precast slab pockets. Grout is used to fill all the gaps between the bolts, the 604 precast plugs, and the precast slab pockets, while tightening of a nut at the top of the LNSC 605 secures the plugs in place before grout hardening. Six preliminary push-out tests were 606 conducted to fully illustrate why the novel structural details of the LNSC result in superior 607 shear load-slip displacement behavior. Six additional push-out tests served to assess the 608 repeatability in the LNSC behavior as well as to quantify the effects of the bolt diameter and 609 the concrete plug strength. A simple design equation to predict the shear resistance of the 610 LNSC was proposed. Based on the results presented in the paper, the following conclusions 611 are drawn: 612
• The LNSC allows rapid bridge disassembly and easy replacement of any deteriorating 613 structural component (i.e. precast deck panel, shear connector, steel beam). Therefore, the 614 use of the LNSC in practice can result in significant reduction of the life cycle direct and 615 indirect socio-economic costs related to maintenance, repair, or replacement of precast 616 steel-concrete composite bridges. 617
• The LNSC promotes accelerated bridge construction by taking full advantage of pre-618 fabrication. In particular, fabrication of all structural components is carried out in the shop 619 and only the final assembly between the precast slab and the steel beam is carried out on 620 site. Moreover, the latter does not involve working underneath the bridge deck. 621
• The LNSC has very high shear resistance and stiffness, and therefore, leads to reduction of 622 the required number of shear connectors and slab pockets in comparison to welded studs 623 or previously proposed bolted shear connectors. The characteristic shear resistance and 624 stiffness of the LNSC for an M16 bolt were found equal to 170.5 kN and 100 kN/mm, 625 respectively. 626
• The LNSC has very large slip capacity, i.e. up to 14.0 mm. 627
• The LNSC has superior stiffness and strength against slab uplift in comparison to welded 628 studs, e.g. the uplift displacement is less than 4% of the corresponding slip displacement at 629 shear load equal to 80% of the shear resistance. 630
• The shear load-slip displacement behavior of the LNSC shows repeatability and negligible 631 scatter. Among three identical push-out tests, the maximum deviations of any individual 632 test from the average were only 2% and 6% for the shear resistance and slip capacity, 633 respectively. 634
• Increasing the plug concrete strength from C50 to C96 was found to have negligible effect 635 on shear resistance (9% increase) and slip capacity (5% decrease). 636
• The proposed design equation (Equation (4) in the paper) was checked against test results 637 of specimens with different bolt diameters and plug concrete strengths, and was found to 638 predict the shear resistance of the LNSC with maximum absolute error less than 8%. 639
• The shear resistance of the LNSC could be approximately considered equal to 1.1 times 640 the bolt tensile resistance for preliminary design purposes. 641
• More parametric push-out tests and fatigue tests should be conducted to confirm and 642 extend the knowledge on the LNSC behaviour. Moreover, full-scale precast steel-concrete 643 composite beam tests are needed to assess the behaviour of the LNSC within boundary 644 conditions similar to those encountered in practice. 645 
